Abstract The interest for thermography as a method for spot weld inspection has increased during the last years since it is a full-field method suitable for automatic inspection. Thermography systems can be developed in different ways, with different physical setups, excitation sources, and image analysis algorithms. In this paper we suggest a single-sided setup of a thermography system using a flash lamp as excitation source. The analysis algorithm aims to find the spatial region in the acquired images corresponding to the successfully welded area, i.e., the nugget size. Experiments show that the system is able to detect spot welds, measure the nugget diameter, and based on the information also separate a spot weld from a stick weld. The system is capable to inspect more than four spot welds per minute, and has potential for an automatic non-destructive system for spot weld inspection. The development opportunities are significant, since the algorithm used in the initial analysis is rather simplified. Moreover, further evaluation of alternative excitation sources can potentially improve the performance.
Introduction
There is an ever increasing need for efficient quality control in the automotive and aerospace industries, for several reasons. One such reason is that reducing the weight of the manufactured structures as a means of reducing fuel consumption and material costs has high priority. Reduced structural weight results in decreased margins with respect to the structural strength, which leads to an increased need for product quality control. Another reason for quality control is the safety aspects.
With a higher demand for quality control follows a need for general inspection of all manufactured products (not only a sparsely sampled subset), which requires automatic inspection cells in order to be time and cost effective. In addition, the car bodies are today often made of high strength steel and traditional test methods are not permitted. Therefore there is an increased need of new developed non-destructive testing methods suited for automatic inspection.
In order to meet these demands, systems for for non-destructive testing (NDT) using thermography (thermal non-destructive testing, TNDT) has met an increased interest. TNDT systems can be developed in different ways depending on the application. Different arrangements requires different setups, excitation sources, and image analysis algorithms. Examples of different setups include singlesided and double-sided (transmission) setups, and possible excitation sources include ultrasound, flash lamps, and induction heating.
Aiming for a TNDT method suitable for use in automotive production, there are three key aspects that need to be considered. First, the method needs to give robust and reliable results. Second, since not all joints allow for double-sided access, the method has to be single-sided. Third, in order to be able to inspect a high number of spot welds in a running production line, the method needs to be fast. In this paper we propose a single-sided set up of a thermography system for spot weld inspection. The set-up is arranged to be possible to mount on an industrial robot in order to achieve a fully automatic inspection system. The analysis algorithm aims to find the spatial region in the acquired images that corresponds to the successfully welded area (the nugget size). The presented system is capable to inspect more than four spot welds per minute.
Related work
Thermography has been reported as a method for NDT in general [1, 2] . In recent years it has also been presented as a non-destructive testing method for joints, see e.g. [4] , and specifically for spot welds, see e.g. [5] [6] [7] [8] . The interest for this method has increased during the last years, since it is a full-field method suitable for automatic inspection.
Woo et al. [5] suggested different excitation techniques, e.g. flash lamp and ice cubes. All experiments were conducted with a transmission set-up, double sided. Both Schlichting et al. [7] and Shpartko et al. [8] used a flash lamp for heating a spot weld area and determined the spot weld position and size in a transmission setup. Lee et al. [6] used lock-in thermography to measure the nugget size of a spot weld. They used a single-side experimental set up, and compared ultrasoundinfrared, photo-infrared, and lock-in thermography methods. Their conclusion was that the lock-in method was the most suitable for nugget sizing. However, lock-in thermography has one major disadvantage when it comes to automation; it is more time consuming than pulsed thermography which is used in this paper.
Outline
The outline of this paper is as follows. In Section 2, resistance spot welding and the inspection (destructive and non-destructive) of spot welds are introduced. The experimental setup used is presented in Section 3, and the proposed image analysis algorithm in Section 4. The results are described in Section 5, and conclusions are drawn in Section 6.
Spot welds and inspection
Resistive spot welding (RSW) [9] is one of the most common methods in automotive industries to join metal sheets. The principle of RSW is that two electrodes clamp two or more metal sheets together. Forcing a large electric current through the electrodes (and thus the metal sheets), the metal between the electrodes will melt and a weld nugget is formed when the metal has cooled down sufficiently. Then the electrodes release the nugget. An attractive feature of RSW is that a large amount energy can be delivered to the spot in a very short time (fractions of a second). That permits the welding to occur without excessive heating of the remainder of the sheet. The process is illustrated in Fig. 1 .
Quality control of spot welds
A measure of the quality of a spot weld is the diameter of the weld nugget since it directly relates to the strength. Quality control can be either destructive or non-destructive. Destructive testing is still the most common method to test spot welds. There are two standardized destructive testing methods; peel and chisel test [10] . However, these methods are time consuming, costly, and unfeasible in running production.
Most non-destructive testing methods used for fusion welds can also be used on spot welds. In the automotive industry, the most common method for inspection of spot welds is ultrasonic testing, but experience shows that the reliability of the test is often depending on the time, place, testing situation, and skill of the operator. With the suggested setup of an automated thermography system, the inspection can be operator-independent, and with a stationary inspection cell, as suggested here, the time, test place and situation can be controlled.
Thermography
The principle of detecting or characterizing a defect or feature in a material using TNDT is shown in Fig. 2 . The following components can be identified: -Test piece with a possible defect or other feature, such as a spot weld.
-Excitation source (heat source). -Thermal camera to record the surface temperature of the test piece as a function of time. -Computer for analysis, equipped with algorithms specially designed for the task.
Thermal energy, generated from a heat source, excite a test piece. The heat at the surface of the test piece will vary depending on time, heat source, material, defects, and surface variations in the test piece. A thermal camera registers the thermal distribution at the surface of the test piece. By analyzing this spatial heat distribution, information about internal variation of heat conductivity of the test piece (resulting from e.g. cracks) can be extracted.
In order to be able to detect and/or characterize a defect or feature in the test piece, it is important to consider the properties of the studied object and carefully design the components of the TNDT system. In the particular case of spot weld inspection, the heat induced at the surface of the test sample is assumed to dissipate through the weld nugget quickly compared to the surrounding area.
The heat source, camera, and algorithm used in this study are described in the next chapter.
Experimental setup
A TNDT system for spot weld inspection was assembled as shown in Fig. 3 . A thermal camera (FLIR SC5650) with a (N × M ) 640 × 512 pixel detector area made of InSb and a band width of 2.5-5.1 µm was used. The frame rate of the camera was 100 frames per second, and the original 27 mm optical lens was used. Since image data will be normalized in a later stage (see Section 4), recording can be done either in terms of raw signals or interpreted as temperature. In this paper the raw data was used.
As excitation (heat) source, a flash lamp (Hensel EH PRO 6000) together with a flash generator (Hensel 6000 S) was used. Nominally, a 6 kJ flash during 0.04 seconds is achieved with this heat source.
The test samples used for evaluation in this paper were spot welded metal sheets in two test series, I and II. The material in the metal sheets were Boron steel and Zinc coated mild steel with the material thickness of 1.5 mm and 0.8 mm according to Table 1 . The spot welds all had a desired nugget size of 6 mm. The default parameters for the spot welds were according to Table 2 . To achieve different nugget sizes and also stick welds the weld current was varied from 5.5 kA to 9 kA for test series I and from 7kA to 11 kA on test series II.
The thermal camera and the flash lamp were mounted on the same side of the test plates, since a single-sided inspection system is required in a production line. To reduce disturbances from reflections, the thermal camera and the flash lamp were mounted with an angle relative the normal of the test piece. The angle to the thermal camera, α, was approximately 5 degrees, and to the flash lamp, β, 35 degrees. The distance between the thermal camera and the test piece was 260 mm. The positioning of the thermal camera and the flash lamp was selected to avoid direct reflection in order to reduce noise in the measurement signal.
When performing the experiments, the flash lamp heated the surface of the test piece with a 0.04 s long light flash. The camera recorded the thermal radiation from the test piece during two seconds, starting slightly before the flash. 
Analysis algorithm
Recall from Section 2.2 that the underlying assumption is that the heat induced at the surface of the test piece dissipates through the weld nugget quickly compared to the surrounding area. Thus, finding the nugget shape and size in the the thermal image boils down to finding a region that has a faster cooling rate than the neighborhood. Under ideal circumstances, such as having a noise-free sensor and a test piece with uniform and high emissivity, the problem would be trivial (simply find the dark region in one of the thermal images). In reality, a more elaborate analysis method is needed due to non-ideal situation. The proposed processing chain contains six steps, as follows: The input to the first step is the sequence of images acquired by the thermal camera. The output from the last step is the estimated dimensions of the weld nugget. The processing steps are explained in the following sections.
Finding the flash
Since the camera is not triggered by the flash but records continuously, the time instant of the flash needs to be found. This is easily done by finding the image that has the largest sum of pixel values. The following K images, that is, the ones that show the cooling process, are selected for further processing. The value of K needs to be sufficiently large to allow the temperature in the test piece to reach a steady state. In practice, a one or a few seconds of image data is enough. With the frame rate of 100 Hz that was used in the experiments, that corresponds to a value of K of a one or a few hundred (we used values of K in the range 100-250). The selected images are kept in a data cube; an N × M × K matrix A, where N × M corresponds to the camera resolution stated above.
Below, we write a k for the k:th image and a xyk is the pixel intensity value at image coordinate (x, y) in a k .
Normalization.
In order to compensate for varying emissivity across the test piece's surface, the image data is normalized so that the sequence of measured values are between one and zero for each pixel. The normalized data cube B thus have the pixel values
That is, the temperature curve for each pixel, such as the ones in Fig. 6 , will start at the value one (just after the flash) and eventually reach zero (steady state).
Reference image selection
We select a reference image r = b j on which we will perform spatial analysis i.e. find the nugget region. The image should be selected from a point in time where the surface temperature difference between nugget and non-nugget is as large as possible. This timing is not critical; values of j in the range 25-50 (i.e., a time of 250-500 µs after the flash) have been used without observable performance differences in this study.
Finding the weld nugget position
The position of the spot weld in the real world coordinate system is known, and the position and angle of the camera is known with some precision depending on the robot on which the camera is mounted. Thus one can assume that the spot weld is positioned near the center of the image, and search for the spot weld within a relatively small area (a few centimeters wide) simply by finding the minimum value in a spatially low-pass filtered version of the image, that is (x * , y * ) = arg min
where h is a suitable filter kernel and * denotes convolution. In the experiments a 9 × 9 averaging kernel was used.
Extracting the shape of the nugget
In order to segment the colder/darker area of the nugget, we search for a Maximally Stable Extremal Region (MSER, [11] ) encompassing the pixel coordinate (x * , y * ) in the image r. An extremal region is defined as the region given by thresholding the image, i.e., the collection of pixels satisfying r xy < t for some threshold t. The extremal region is said to be stable if its area does not change much when varying the threshold. The maximally stable extremal region is the region that changes the least for some interval of t.
The process to extract the MSER goes as follows. First, we threshold the image r using several different thresholds, resulting in binary images b(t) with pixel values
In our experiments, we vary t in the range
in steps of 0.001. We label the connected components in each binary image, and remove redundant components not encompassing (x * , y * ), creating new binary images b (t). In each such image, there will be a number of 1's corresponding to the number of pixels in the extremal region. By counting the 1's, i.e., measure the area of the extremal region, we get a function
Minimizing the differential of n(t) with respect to the threshold, the MSER is given by the binary image b (t * ), where
This differential is estimated by using a 13-point filter.
In order to reduce sensitivity to noise, extremal regions were found in r as well as in two low-passed filtered versions of r, in practice forming a scale hierarchy. The maximally stable extremal region from these three images is then selected.
Post processing
The border of the region extracted above is typically quite noisy, and the region might also contain holes. This is due to the fact that each pixel is thresholded separately from its neighbors. A final morphological closing (see e.g. [12] ) using a disc-shaped structuring element of size 13 is done in order to fill holes and notches in the shape. Such closing is illustrated in Fig. 4 .
The final output is illustrated in Fig. 6 , where also the cooling curves for four reference points are shown. The width and height of the extracted shape is measured, and, for the purposes of evaluation (see Section 5.1), averaged. 
Experiments
A series of experiments was conducted in order to evaluate the analysis algorithm. Ten test samples, each consisting of a spot welded two-plates combination, were measured. The test was divided into two test series, see Table 1 . The first test series (I) contained five test samples made of Boron steel with equal plate thickness, 1.5 mm, see Table 1 . The second test serie (II) contained of another five samples made of sheet metals with different thicknesses; 1.5 and 0.8 mm. The 1.5 mm thick plates were made of Boron steel, and the 0.8 mm plates of Zinc coated mild steel. The spot welds were produced with the aim to reach a diameter of 6 mm. Two test samples (II.1 and II.5) with stick welds were included.
The different metal sheets have different emissivity. Zinc coated mild steel has a low emissivity, and thus high reflectivity and low absorptivity. For thermography inspection on such materials, more measurement noise will be introduced, due to reflection of infrared radiation from hot objects in the surrounding, including the excitation source. In addition, low absorptivity leads to lower heating of the sample if a flash lamp is used as excitation source. By positioning the measurement system as in Fig. 3 , the direct reflections may be avoided and the problem with high reflectivity thus be reduced. Second, by using a thermal camera with high sensitivity, the relative low change of temperature in the test sample will not be a problem for the measurement. Different materials with varying emissivity across the surface can lead to problems if the following analysis is based on the actual measured temperature. In this paper, the analysis is based on the variation in measured infrared radiation with respect to time. Therefore the absolute temperature, which require exact knowledge about the emissivity, is not needed.
All test pieces where measured and analyzed with the TNDT system from both sides, i.e., each test piece gave two measurement samples. The results were compared to the results from a peel test for each piece. In order to avoid uncertainties in the comparative measurement, the peel tests were performed by a skilled person with experience of measuring spot weld diameters. During the peel test, the two plates were peeled apart using a wedge. The measured spot weld diameter is the average of the maximum and the minimum diameter of the plug. For a more detailed explanation on how to perform a peel test, see [10] .
In addition to the test series above, a few spot welds with expulsions were measured with the TNDT system in order to evaluate the possibility for the system to detect expulsions. A test sample with expulsion from the spot weld can be seen in Fig. 5 , after peel test.
Results
Results from the TNDT system is exemplified in Fig. 6 . The vertical and horizontal diameter of the estimated weld nugget are measured in pixels, and easily transformed to millimeters by using information of the camera's resolution, field of view, and distance to the test piece.
In Table 3 , the measured diameters of the spot welds are given, measured by the TNDT system and by peel tests. The measurements from the TNDT system are conducted from both sides of the test samples (indicated by a and b) . The results for the various test pieces are discussed below: -Bore steel. As can be seen in Table 3 , the results from the two sides are almost equal, except from plate I.2 (I.2a in comparison to I.2b), indicating that the method is stable. However, the measured diameter with the TNDT system is in general slightly smaller compared to the the peel test measurement. Further tests are needed in order to determine if this is a systematic bias, which could then be compensated for. -Zinc coating. The measurements on zinc coated mild steel (series II, side a) were disturbed. This is due to reflection in the shiny surface of the plate, and can be avoided by a slightly different experimental setup (different angles of flash lamp and camera), by using another type of excitation source (such as induction heating), or by covering the measurement area with some highemissivity material (e.g., powder). -Stick welds. As mentioned, two test pieces with stick welds were included (II.1 and II.5). In those pieces, the TNDT system was not able to find any spot welds, which indicates that the system is able to distinguish a spot weld from a stick weld. -Partial stick welds. The final output of the analysis algorithm, as reported in Table 3 , is the average of two perpendicular distances (width and height) of the measured spot weld. If the spot weld is non-uniform, as is the case for a partial stick weld, the result will be a radius smaller than the largest dimension of the true spot weld. -Expulsions. Results from the additional measurements on spot welds with expulsion can be seen in Fig. 8 . The system could not distinguish between these welds and welds without expulsion, and, as a consequence, the estimated contours are irregular and the diameters exaggerated by the TNDT system. This is due to the physical contact between the two plates by the expulsion, resulting in heat conduction between the plates, as in the spot weld. With an improved analysis algorithm, this could probably be handled, since the heat conduction is different through an expulsion compared to through a spot weld.
Even if the extracted characteristics of the welds most of the times are correct, the analysis is sometimes confused by the physical deformations of the surface created by the welding process, see for example Fig. 7 where the indentation of the spot weld has resulted in disturbances in the measurement. As mentioned, we might also have a bias towards somewhat smaller nuggets. This bias is presumably dependent on the thickness and heat conductivity of the material, and needs to be investigated in the future.
Conclusion and future work
We have developed and tested a TNDT system for single-sided inspection of spot welds. Assuming that the weld nugget will conduct heat away from the surface faster than its surroundings, we have shown that the extraction of Maximally Stable Extremal Regions (MSERs) in a thermal image can reveal the nugget size and shape. The results show that the system is able to detect spot welds, measure the diameter, and separate a spot weld from a stick weld. In conclusion, the system is shown to have potential for an automatic system for spot weld inspection.
There are remaining challenges related to the surface properties of the test samples. First, shiny surfaces can be a problem due to reflections from the heat source used. This can potentially be solved in various ways, and needs further investigation. Another challenge is weld expulsions, as they make the spot welds look larger and more irregular.
Additionally, there are several issues still to be investigated in the future:
The image half a second after the flash is shown (chosen for visualization). Spot welds are searched for within the green rectangle, and the red shape marks the estimated weld area. The enclosing rectangle (white) and its horizontal and vertical extension (measured in pixels) is shown as well. Bottom: The cooling process in the normalized sequences corresponding to the small crosses in the top image and the mean over the welding area. The normalization means that each pixel cools from an initial value of one (immediately after the flash) to zero (approximately at steady state). Note that the y-axis has logarithmic scale, i.e., the final value of zero cannot be plotted.
-Bias as a function of material properties. The currently implemented system seems to give a bias towards smaller spot weld sizes. This bias is probably dependent on the material properties (heat conductivity and thickness) and should be systematically studied. -Image analysis. The current implemented image analysis method has several limitations. A more general implementation, where physical properties are taken into account, preferably validated by theoretical calculations and/or simulations, would be more reliable. Also, the method does not exploit the expected shape characteristics of the spot welds -the erroneous result shown in Fig. 7 could be avoided by exploiting the visibly circular structure of the weld. -Simulations. The problem with peel tests is that they are time-consuming and expensive to perform in large numbers. In order to evaluate variations and enable the work suggested in the previous two items, a simulation model should be built and used for large scale tests. Real peel tests could then be used in a small number in order to validate the model. -Excitation source. During the study several questions regarding the excitation were raised. The influence of the heat from two adjacent flashes should be examined, and shiny surfaces need to be handled. Moreover, for a system to be used in a production plant, the influence on the work environment is important. Fig. 7 Image analysis as in Fig. 6 , but the analysis method lock on a spot on the outside of the welding mark. 
